We report the results of a 10 cM density genome-wide scan and further fine mapping of three chromosomal candidate regions in 10 Belgian multigenerational families with bipolar (BP) disorder. This two-stage approach revealed significant evidence for linkage on chromosome 10q21.3-10q22.3, showing a maximum multipoint parametric heterogeneity logarithm of odds (HLOD) score of 3.28 and a nonparametric linkage (NPL) score of 4.00. Most of the chromosome 10q evidence was derived from a single, large Ashkenazi Jewish pedigree.
Introduction
Bipolar (BP) disorder (MIM 125480) is a chronic psychiatric disorder, and is characterized by disturbances in mood, ranging from mania to a severe state of depression. Patients with BP disorder type I (BPI) suffer from severe phases of mania, while in case of type II (BPII) the manic episodes are less severe (called hypomania). BP disorder is part of a spectrum of affective disorders also including recurrent unipolar depression -patients only experiencing recurrent depressive episodes (UPR), major depressionwhere only a single depressive episode has occurred (UPS), cyclothymia (CYC) -alternating minor depressive and hypomanic episodes, and schizoaffective disorder of the manic (SAM) and depressive (SAD) type, which also exhibit symptoms compatible with mood disorders. Affecting 0.5-1.5% of the world population, BP disorder is among the most common disabling brain diseases, constituting a major public health problem with a high rate of morbidity and mortality. 1 Although the etiology and pathophysiology is still unknown, twin, adoption and family studies support a strong genetic determination. These studies indicate that there is 60-85% heritability for BP disorder and that relatives of BP probands have an increased risk for other psychiatric disorders among the spectrum. 2 The exact pattern of transmission, the specific number of susceptibility loci, the recurrence risk ratio attributable to each locus and the degree of the interaction between loci are unknown. The pattern of inheritance is therefore complex, probably involving both multiple genes and environmental factors. This complex genetic etiology of BP disorder might explain the numerous linkage signals throughout the genome that have been reported by independent research groups. Nevertheless, some genomic regions have gained consistent support from different studies, and are therefore likely to contain BP disorder susceptibility loci. [3] [4] [5] We previously ascertained 15 Belgian families through BP probands, and multiple family members were diagnosed with phenotypes belonging to the spectrum of affective disorders. These families have earlier been analyzed using both candidate gene and loci approaches with variable results. [6] [7] [8] [9] One family showed suggestive linkage to chromosome 18q21.3-q22, 8, 10 and further genetic and physical mapping studies have resulted in the identification of a putative candidate gene for BP disorder at 18q21.3-q22. 11 Ten of the 15 families were selected for inclusion in a genome-wide scan for BP disorder, of which two were of Ashkenazi Jewish and eight of European Caucasian descent. 6, 12 Here, we present significant results from the genome-wide scan and subsequent fine-mapping analyses conducted in these 10 multigenerational families with several patients diagnosed with affective disorders.
Materials and methods

Samples
As part of the Scientific Program on 'Molecular Neurobiology of Mental Illness', funded by the European Science Foundation (ESF), 10 of 15 Belgian families segregating affective disorders were selected for inclusion in a genome scan (described in detail by De bruyn et al. 6 and Mendlewicz et al.
12
). Eight of the 10 families were of European Caucasian origin while two families (families 15 and 22) were of Ashkenazi Jewish descent (Supplementary Figure A1) . The families were selected for inclusion in the ESF study based on information content, number of diagnosed patients, diagnostic instruments used and number of family members with DNA and/or cell lines available. All families were ascertained at the Department of Psychiatry, Erasme Hospital in Brussels. In each family, the proband was affected with BPI or BPII disorder. All individuals willingly to cooperate were X18 years and gave informed consent after approval of the study by the Medical Ethical Committee of the University of Brussels. Medical records were available of all patients who were examined by fully trained psychiatrists using the schedule for affective disorders and schizophrenia lifetime version modified for the study of anxiety disorders (SADS-LA). 13 Diagnoses were made based on the Research Diagnostic Criteria.
14 Two independent psychiatrists diagnosed the patients and in case of discordant diagnoses, a third experienced psychiatrist made the final diagnosis.
In total, 156 persons from the 10 families were interviewed. The following affective spectrum diagnoses were obtained in 70 patients (Supplementary Table A1 ): BPI (15), BPII (15) , recurrent depression (UPR, 25), single major depression (UPS, 9), CYC (4), schizoaffective disorder -manic type (SAM, 1) and schizoaffective disorder -depressed type (SAD, 1). In 83 individuals, the structured interview revealed no lifetime history of psychiatric disorders and, therefore, they were considered healthy. Three individuals obtained a diagnosis of other psychiatric disorders. In 20 individuals, no interview could be obtained. One spouse was diagnosed with single major depression.
A sample of 92 unrelated healthy individuals of Ashkenazi Jewish origin were randomly ascertained at Meir Hospital, Kfar-Sabba, Israel (described in detail by Korostishevsky et al. 15 ). The gender ratio of this group was 54 females/38 males and the mean age 31.3174.9. The Medical Ethical Committees of the University of Brussels, the Meir Hospital and the University of Antwerp have approved the inclusion of the patients, relatives and unrelated healthy individuals in genetic studies.
Genotyping
From each participant a venous blood sample was obtained for genomic DNA extraction, using standard procedures. DNA of 176 individuals from the 10 families was sent to Généthon (Evry, France), where a 10 cM density genome-wide scan was performed using 387 fluorescent-labeled simple tandem repeat (STR) markers. Based on genetic distances (gender averaged) of the comprehensive Marshfield genetic map (http://www.research.marshfieldclinic.org/genetics), the mean marker distance was 9.8 cM.
Genetic fine mapping of the chromosomal candidate regions was performed with STR markers selected from the Marshfield or the deCODE Icelandic genetic maps. 16 Additionally two novel STR markers on chromosome 19, identified using the Sputnik program (http://espressosoftware.com/pages/sputnik. jsp3), were genotyped: M241797, a CA-repeat marker starting at genomic position chr19:52665418 with nine alleles and 81% heterozygosity, and M1519374, a CA-repeat marker starting at genomic position chr19:53942995 with six alleles and 68% heterozygosity (genomic positions according to the Human March 2006 Assembly of the UCSC Genome Browser). In total, 23 additional STR markers were genotyped between markers D10S1791 and D10S201 on chromosome 10q, 15 STR markers between D7S2516 and D7S486 on chromosome 7q and 10 STR markers between D19S220 and D19S210 on chromosome 19q, to obtain an average marker map density between 1 and 2 cM in the candidate regions. All PCR amplifications were performed under multiplex standard reaction conditions in a total volume of 20 ml on a Primus HT (MWG AG Biotech). PCR products were sized on an ABI 3700 or ABI 3730 automated Sequencer (Applied Biosystems) and genotypes were assigned using Genotyper version 2.1 or Genemapper version 3.0 respectively. Also 27 STR markers, spanning the linked region on chromosome 10, were genotyped in 92 healthy Ashkenazi Jewish individuals to estimate allele frequencies in the Ashkenazi Jewish population.
Statistical analysis
Before conducting the genome-wide scan, the genetic information content of the families was estimated with the software program SLINK. 17, 18 We performed four simulation studies with 10 000 replicates each under dominant and recessive models with the disease gene located at recombination fraction y = 0.05 from a simulated marker, with eight equally frequent alleles, assuming genetic homogeneity. An average maximum logarithm of odds (LOD) score Z of 3.41 was obtained under a dominant model and 1.86 under a recessive model assuming genetic homogeneity. There was 50 and 82% power to obtain significant (LOD > 3.3) or suggestive (LOD > 1.9) evidence for linkage, respectively, according to the criteria of Lander and Kruglyak. 19 Errors in the allele calling were checked using the PedCheck program 20 and Mendelian inconsistencies were resolved; the overall error rate was 0.39%. Twopoint parametric linkage analysis was performed using the MLINK program 21 from the FASTLINK computer package (version 5.1). 22 Multipoint nonparametric allele sharing statistics (NPL pair and NPL all scores), multipoint parametric linkage analysis and haplotype reconstruction was carried out using Simwalk2 version 2.91. 23 The format of the input files for Simwalk2 was provided by Mega2 version 3.0 R9. 24 The marker map used for the multipoint analysis was based on the Marsheld genetic map. Linkage analysis was performed under an affected-only model, with patients' phenotypes belonging to the affective spectrum disorders (except patients with a single major depression). Relatives without psychiatric symptoms, with other psychiatric disorders or without interview were considered 'unknown' in the statistical analysis. The phenocopy rate was defined differently for BPI and SAM (1%), BPII or CYC (2%), and UPR or SAD (5%), in accordance with the population frequencies of these disorders. The disease allele frequency in the general population was set at 0.01 and 0.10 for the dominant and recessive models respectively.
STR allele frequencies were estimated on the basis of married-in individuals in the pedigree. STR allele frequencies were also estimated on the basis of 92 healthy unrelated Ashkenazi Jewish individuals in the linked region on chromosome 10.
Results
Genome scan
Linkage analysis resulted in two-point LOD scoresX1 with 15 markers located on nine different chromosomes: 3p, 3q, 6q, 7q, 9p, 10q, 12q, 17p, 19q and 22q (Table 1) . Only on chromosome 10, three neighboring markers, D10S581, D10S537 and D10S1699 showed LOD scoresX1 under the same model.
The multipoint linkage plots for nonparametric and parametric (under dominant and recessive models) affected-only analyses are shown per chromosome in Supplementary Figure A2 . On 10 chromosomal regions, 3q, 6q, 7q, 9p, 10p, 10q, 13p, 15q, 17q and 19q, heterogeneity logarithm of odds (HLOD) scoresX1 were calculated, of which chromosomes 10q and 19q showed suggestive evidence for linkage ( Table 2 ). The highest HLOD score of 2.3 was obtained on chromosome 10q under a dominant model, corresponding to a candidate region of 34 cM ranging from 69 to 103 cM from pter. In this region, the maximal NPL score was 1.77. A second locus of 20 cM was found on chromosome 19q, between 62 and 82 cM from pter, with a maximum HLOD score of 2.14 under a recessive model. In this region, a maximal NPL score of 1.23 was calculated. A third locus on chromosome 7q yielded a dominant HLOD score of 1.77, and a maximal NPL score of 2.03, within a candidate region of 40 cM (102-142 cM from pter).
Fine mapping
The chromosome 7q, 10q and 19q regions were further analyzed using additional STR markers selected from public genetic maps to obtain an overall Table A2) , with a highest LOD score of 2.89 obtained for marker D10S210 at 86.81 cM under a dominant model. Multipoint linkage analysis on chromosome 10q resulted in a maximum HLOD score of 3.28 and a maximum NPL score of 4 at 84.7 cM from pter in a candidate region of 10 cM between D10S1225 and D10S537 (79-89 cM; Figure 1a ). Family 22, one of the Ashkenazi Jewish families, contributed most to the linkage peak at chromosome 10. A maximal LOD score of 2.66 and a maximal NPL score of 3.97 at 85 cM was obtained for this family alone (Table 3) . Further contributions came from families 24, 45, 15, 32 and 37. On chromosome 19q, a maximum HLOD score of 2.01 and a maximum NPL score of 1.09 at 78.1 cM from pter was obtained in a candidate region of 22 cM between D19S220 and D19S921 (63-85 cM; Figure 1b ). Further fine-mapping analysis on chromosome 7q showed a maximum HLOD score of 1.45 and a maximum NPL score of 2.28 at 112.3 cM from pter in a candidate region of 8 cM between D7S2782 and D7S2459 (110-118 cM; Figure 1c ).
Detailed analysis of chromosome 10q in Ashkenazi Jewish families
The Ashkenazi Jewish family 22 contributed most to the linkage peak at chromosome 10q (Table 3) . To obtain more specific allele frequencies for the markers in the chromosome 10q candidate region for the Ashkenazi Jewish population, 27 STR markers between D10S1791 and D10S201 were genotyped in 92 healthy Ashkenazi Jewish individuals. The obtained allele frequencies were subsequently used to recalculate the linkage analysis in both Ashkenazi Jewish families (families 15 and 22). The highest two-point LOD score of 2.32 was observed in family 22 at y = 0.0 with marker D10S1647 under the dominant model, while in the original analysis, a LOD score of 2.2 was obtained at the same marker under the same model (data not shown). In the multipoint linkage analysis, a maximal LOD score of 2.63 and a maximal NPL score of 3.70 was found in family 22 at 87 cM from pter ( Figure 2 ). In this family, a second linkage peak was seen at 98 cM with an LOD score of 1.73 and an NPL score of 1.58.
Segregation analysis in family 22 showed that 12 of the 14 patients share the same 14-marker haplotype (Figure 3) . Meiotic recombinations were observed in patient 22.21 between D10S581 and D10S522, and in patients 22.23 and 22.28 between D10S1677 and D10S201. Additionally, two recombination events occurred between patients 22.23 and 22.17, further decreasing the candidate region to 6.7 cM between D10S522 centromeric (84.4 cM from pter) and D10S537 telomeric (91.1 cM from pter), which is in line with the location of highest linkage peak.
Discussion
Genome-wide linkage analysis and subsequent fine mapping of three candidate loci at 10q, 19q and 7q showed a maximum two-point or multipoint LOD scoreX1.9 in 10 Belgian multigenerational BP families. After fine mapping with 1-2 cM STR density, the evidence for the chromosome 10q21.3-10q22.3 locus increased, and reached the level of genomewide significant evidence (LOD scoreX3.3 or NPL scoreX3.6) for linkage with a maximum HLOD score of 3.28 and a maximum NPL score of 4. The evidence for linkage to chromosomes 19q13.1-q13.4 and 7q21-q22 was confirmed but remained suggestive (LOD The localizations of the regions, the linkage peaks within these regions and the size of these regions are given as distances in cM from pter of the chromosome (based on the Marshfield genetic map). 'a' is the proportion of linked families. 25, 26 and chromosome 7q. [27] [28] [29] Therefore, further investigation and replication studies are necessary to confirm these findings.
The significant linkage findings on 10q were mainly derived from one large Ashkenazi Jewish family (family 22). This family by itself generated a multipoint LOD score of 2.66. Segregation analysis in this family confirmed co-segregation of a 14-marker haplotype between markers D10S581 and D10S201 with BP disorder. This haplotype was shared by 12 of the 14 patients studied, defining a candidate region of 19.2 cM. Additionally, two recombination events occurred between patients 22.23 and 22.17, further decreasing the candidate region to 6.7 cM between D10S522 centromeric (84.4 cM from pter) and D10S537 telomeric (91.1 cM from pter). Patient 22.22 diagnosed with CYC does not share the disease haplotype. This might be attributed to the complex diagnosis of affective disorder spectrum phenotypes with difficulties in classification and specification of spectrum boundaries, as well as to the genetic complexity of the disorder. Since CYC is a mild form of BP disorder, characterized by alternating minor depressive and hypomanic episodes, this patient could have been affected due to other factors unrelated to the genetic defect on chromosome 10q in the family.
Fallin and colleagues 30 specifically studied linkage in 41 Ashkenazi Jewish families with BP disorder. In this study marker D10S185, slightly telomeric from our candidate region, reached a NPL score of 1.97 (P = 0.02). However, this score did not reach the threshold the authors set for further fine mapping. Interestingly, in a linkage study on schizophrenia (SZ) of the same research group in 29 Ashkenazi Jewish families, significant evidence for linkage was observed for a region of 12.2 Mb between markers D10S1677 and D10S1753 on 10q22. 31 This region is situated just telomeric from the 14-marker haplotype observed in family 22. Given the differences in methods, family numbers and family structures, these linkage signals could potentially represent the same underlying susceptibility gene. Moreover, the current Ashkenazi Jewish population, living mostly in Central and Eastern Europe and the United States, descended from a small founder population about 500 years ago. 32 Since reduced genetic variation is expected in this population, a common susceptibility gene on chromosome 10q22 for both BP disorder and SZ might be present in this isolated population.
Linkage of BP disorder and SZ to 10q has also been observed in several other ethnic populations, spread over a region ranging from 10q21 to 10q26, indicating that a gene or a set of genes at 10q might attribute considerably to the risk for psychiatric disease. 29, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] In two of these studies, linkage was found in families, of which some were originating from Israel. 35, 37 However, it was not clear if these families were from Ashkenazi Jewish descent.
Additional evidence for 10q comes from a rankbased genome scan meta-analysis of 18 BP disorder genome scans. 4 Although none of the linked regions reached the criteria for genome-wide significance, the most significant loci (P-values < 0.01) were observed on chromosomes 9p22.3-p21.1, 10q11.21-q22.1, 14q24.1-q32.12 and regions on chromosome 18. The chromosome 10 candidate region in this meta-analysis ranged from 62 to 91 cM based on the Marshfield genetic map, overlapping with the region found in our study.
The 10q candidate region between D10S581 and D10S201 (chr10:65,619,520-70,598,997) comprises 95 known genes, according to the RefSeq track of the UCSC Genome Browser (Supplementary Table A3) . One of these genes is TACR2 that encodes the tachykinin receptor 2, a G-protein-coupled receptor, which is part of the inositol phosphatase transduction pathway. Antagonists of tachykinin receptors are reported to have antidepressant-like and anxiolytic effects in rodents. [44] [45] [46] Another interesting candidate gene is GRID1, which is located more telomeric from the 14-marker haplotype on chromosome 10q22 (chr10:87,349,292-88,116,230). Recently, a positive association was found for GRID1 with SZ as well as with BPI disorder and SZ/SA combined in an Ashkenazi Jewish population. 47 GRID1 might be involved in glutamatergic signaling, since it is highly related to ionotropic glutamate receptor subunits.
In conclusion, we provided significant evidence for a risk factor on chromosome 10q21.3-10q22.3 contributing in the predisposition of BP disorder in a large multigenerational Ashkenazi Jewish family. This candidate locus is strongly supported to be involved in the susceptibility for psychiatric disorders by several independent studies. Further investigation of this susceptibility locus in both the Ashkenazi Jewish family and in population-based association studies in Ashkenazi Jews as well as in populations of other descent will enable to identify a susceptibility gene for psychiatric disorders. 
